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ABSTRACT
As a two-dimensional material, graphene shows very good thermal and electrical
conductivities, which, with its unique optical properties, makes it suitable for a variety of
applications. In this study, we present detailed investigations by confocal Raman and Drude model
analysis of the material’s changes and improvements, as it transitioned from 3D graphite to 2D
graphene. Besides Raman spectral recording, which can detect single, a few, and multi-layers of
graphene, confocal Raman mapping allows distinction of such domains and direct visualization of
material inhomogeneity. Moreover, far-infrared transmittance measurements, which are related to
electrical conductivity, demonstrate a distinct increase of conductivity with dimensionality
reduction. These measurements are particularly suited to determining important material
characteristics, including time constant (the inverse of the average time between two carrier-core
collisions), carrier concentration, and conductivity by using a Drude-like model. Such information
is valuable for developing bio-medical sensors, which is the main application envisioned for this
work.
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CHAPTER 1: INTRODUCTION
In the past few years, graphene and graphene-based materials are holding great promises
in different field of science because of its exceptional and unique properties. Its extraordinary
electrical conductivity, which combined with its unique optical properties, makes it suitable to
integrate into different applications.

1.1 Graphene
Graphene, a single layer of graphite, is a two-dimensional allotrope of carbon arranged in
a honeycomb lattice with sp2 hybridization among the carbon atoms. It is the first- discovered 2D
material, which shows versatility as a material as any discovered in the world. Being carbon
allotrope, wrapping up, rolling and stacking graphene produces 0D fullerenes, 1D nanotubes, and
3D graphite respectively. For this reason, it is said the mother of all graphite materials [1].

1.2 History of graphene
In 1974, P.R. Wallace first proposed the theory of graphene [2]. However, Landau (1937)
and Peierls (1935) argued that it was impossible for a 2D crystal to exist. This is because the
growing of crystal usually requires high temperature. Therefore, the microscopic 1D and 2D
materials become thermally unstable. Single layer atomic structured graphene was therefore
thought impossible to exist in isolated form as it tends to roll up or fold to achieve the lowest
potential state. However, in 2004, Andre Geim and Kostya Novoselov unexpectedly discovered
graphene using scotch tape in their laboratory [3]. The research discovered that the intrinsic ripple
in graphene prevents the thermal fluctuation and, also, prevents from folding [4]. Since the
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discovery of graphene, it has become a promising material for outstanding theoretical and
experimental research fields.

1.3 Structure of graphene
In graphene structure, the shortest carbon-carbon distance is about 1.42 angstroms. Each
of the carbon atoms possesses four bonds: a σ bond with its three nearest neighbors and forms
strong bonds in the plane of the graphene. The remaining fourth orbital that is perpendicular to the
graphene plane governs a π-bond which causes conductivity. Graphene is sp2 hybridized, which
forms σ and σ* with zero band gap and confines the carbon of graphene to the x-y plane. The
remaining 2p orbitals pointed to the pz plane form a π bond by mixing with each other. This π bond
is responsible for the conduction of electron per atom [5].
The unit cell of graphene consists of two equivalent carbon atoms which are shown in
Figure 1.1 denoted as A and B [6].
The unit lattice vectors a1 and a2 are given by the following where a is the edge length of
the unit cell:
a1 = a/2 (3, √3),

a2 = a/2(3, -√3)

Figure 1.1: Hexagonal lattice of graphene

Figure 1.2: Reciprocal lattice of graphene
2

Figure 1.2 indicates that the reciprocal lattice with primitive lattice vectors is denoted by
b1 and b2 which are given by the following:
b1 = 2π/3a (1, √3),

b2 = 2π/3a (1, -√3)

In 1974, Wallace first gave the tight-binding model or a linear combination of atomic
orbitals (LCAO) [2]. This model explains the band structure of graphene and is used to obtain
appropriate Hamiltonian to study the band structure of graphene.
In the tight-binding model, the interaction between the nearest carbon atoms to the next
nearest neighboring carbon atom between pz orbitals is considered. In the graphene structure, there
are three nearest atoms and six next nearest atoms for each carbon atom. The dispersion relation
of graphene considering only nearest neighbor interaction gives:
E (kx, ky) = ± t √ (1+ 4 cos (√3 kx a/2) cos (ky a/2) + 4 cos2 (ky a/2))

(1)

where t is the nearest-neighbor hopping energy and has value t = 2.70 eV [7]. Kx and ky vectors
establish the ensemble of available electronic momenta in the first Brillouin zone. With one py
electron per atom, the π-π* model the negative energy band in the above equation is fully occupied.
On the other hand, the positive energy band is totally empty. Therefore, these two bands touch at
the K (Dirac point) point. If Fermi surface is defined by K and K’ then, expanding equation (1) at
K (K’) gives the linear π- and π*- bands for Dirac fermions as follows:
E± (κ) = ± ħʋF |κ|

(2)

where κ= k- K and ʋF =√3 t*a / (2 ħ) = ~106 ms-1 is the electronic group velocity. Equation (2) is
the solution of the effective Hamiltonian at the point K (K’) [2].
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1.4 Graphene family
Graphene is a one-atom-thick sheet which can be freely suspended or adhere to any other
material. On the other hand, a graphene layer is a one-atom-thick sheet which is an integral part of
a carbon material. Graphene’s family can be classified based on number of layers, the amount of
oxygen contents, etc.
Monolayer graphene has only one layer with two carbon atoms (A and B) per unit cell. It
can adhere to any substance or suspend freely. Bilayer graphene, with two layers, consists of four
atoms (A1, A2, B1, B2) per unit cell to similar as the structure of graphite. Trilayer graphene has
six carbon atoms per unit cell on its three plane layers. With two sets of bilayer graphene unit cells,
four-layer graphene is formed. One unit cell is situated on top of the other. Multi-layer graphene
is a stacking of individual graphene layers, which forms a sheet-like 2D material. Usually, multilayer graphene has 2 to about 10 numbers of well-defined layers [8]. Few-layer graphene, which
is a subset of multi-layer graphene, have layers number from 2 to about 5 [8].
Graphene can also be used as a modified material. Graphene is chemically modified when
oxygen is introduced and forms graphene oxide (GO). GO is not conductive. However, GO can be
processed in many ways e.g. thermally, chemically, microwave process [8] etc., to reduce its
oxidation and make it conductive.

1.5 Properties of graphene
Graphene is a wonderful material with some unique and fascinating properties, which has
attracted the research community with great enthusiasm. Graphene is only one atom thick, which
makes it the thinnest material known. Graphene is the strongest material [9]; stronger than diamond
4

and 300 times harder than steel. Since the discovery of graphene’s exceptional qualities like, high
electrical [1] and thermal conductivity [10], mechanical strength [9], optical transparency [11],
high carrier mobility at room temperature [1], highest theoretical specific surface area, and half
integer quantum Hall effect even at ambient temperature etc. has built the foundation for the wider
scope of applications. Because of these extraordinary properties, it is also being using in various
areas like, electronic [12], photonics [12], optics [13], biomedical engineering [14], and so on to
fabricate the devices. It also leads an alternative to the conventional semiconductor-based
electronic application.

1.5.1 Electronic and mechanical properties of graphene
Graphene has high carrier mobility, which measures the electrical conductivity of
materials, due to its symmetric band structure. The electrons in graphene behave as massless Dirac
fermions, which mimic relativistic particles. The graphene’s electron is considered as to lose their
rest mass and can be described by Dirac equation. Under the influence of the magnetic field, the
Dirac fermions behave abnormally compared to the electron, for example, anomalous integer
quantum Hall effect [15]. This effect is also observable at room temperature. As mentioned earlier,
the two bands in single layer graphene intersect at K and K’, which are called Dirac points. At the
Dirac points, the valance bands and conduction bands are degenerate. Therefore, graphene has
zero band gap.
Electronic conductivity of single-layer graphene depends on the quality of it. High
electronic conductivity is gained with low defect density of its crystal lattice. Defects cause
limiting the electron mean free path by creating hinder in the transportation of charge. There is
evidence of defect free pristine graphene which suggests the external sources like, the interaction
5

between graphene and substrate, surface charge traps, rippling of phonon and substrate etc. may
affect the conductivity of graphene.
Bolotin et al. with his research group examined the 150 nm suspending monolayer
graphene deposited on Si/SiO2 and got about 200,000 cm2/V.s mobility at 2X1011 cm-2 carrier
density [16,17]. Pristine graphene’s resistivity of 10-6 Ω.cm is less than that of silver at room
temperature.
The mechanical properties of any crystalline solid depend on the lattice characteristics and
the structural defects. Dr. Lee et al. [9] first examine the elastic properties and intrinsic strength of
monolayer graphene. The experiment reveals the non-linear elastic behavior and brittle fracture of
graphene. They found the highest value of intrinsic strength which makes graphene as the strongest
material ever measured. The crack or tears growth on the graphene is explained by Dr. Kim [18]
with his coworkers that unavoidable mechanically applied stress is responsible for the tears
generated and grown in suspended single-layer graphene during their processing. The tears usually
grow in the direction of a straight line, however, occasionally changes the directions.
The defects in graphene are typically vacancies, Stone-Wales defects dislocation and grain
boundaries [19]. The strength characteristic of graphene is effected by the grain boundaries. Also,
dislocations can serve as carriers of plastic flow in graphene. These two defects cause significant
effects in graphene’s mechanical properties.

1.5.2 Optical properties of graphene
A single layer of graphene absorbs 2.3% of white light [11] over a broad wavelength range,
shows opacity property over the visible spectra, which is described by the fine structure constant
6

ɑ= e2/ħc ≈ 1/137 where c indicates the speed of light [11]. The absorption of light increases with
the adding of the number of layers linearly. Each layer absorption is defined as A ≈ 1-T = πɑ. Due
to interference the optical image contrast on Si/SiO2 substrate can be used to identify graphene
[20]. The optical image contrast can be modified by changing the subtract thickness or the
wavelength of light [20]. The contrast increase with the number of layers. In a few-layer of
graphene, the sheets appear as a 2D gas, which is optically equivalent to a superposition of almost
noninteracting single-layer graphene [20].

1.6 Graphene’s conductivity
Graphene has high electrical conductivity. It conducts electricity better than Cu. When it
is used as a composite material, it can be integrated into many applications [1]. Graphene behaves
as a superconductor when alkaline metal adatoms are doped into the graphene sheets [21]. The
significant mechanism of superconductivity is the enhancement of electron-phonon coupling as
well as the intercalant-derived Fermi surface [18] and intercalant-derived soft vibrations [22]. The
greater the electron-phonon coupling is, the larger the phonon-mediated superconductivity that
occurs [23]. The electron–phonon coupling (λ) is given by
λ = N0 D2/Mωph2
where N0 is the number of carriers or electronic density of states per spin at Fermi level, D is the
deformation potential, M is the effective atomic mass and ωph is the phonon frequency of the mode
coupling to the electrons. Throughout the last few years, many experiments have investigated the
superconductivity of alkaline-earth graphite intercalation compounds (GICs). As graphene is a
semimetal, the minor number of carriers leads to very small λ and eventually leads to non-
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superconductivity. However, superconductivity can be induced in monolayer graphene when
doped into metals like Li [24], Ca [23], Yb [25], Sr [26].
Tc, transition temperature, is different for graphene monolayer and bulk GIS’s. For both
bulk and monolayer CaC6 the interlayered band occurs at Fermi level in their electron band
structure [21]. In monolayer CaC6 the confining potential of the graphite C6 layers leads to lower
energy of the interlayer states, and consequently, the interlayer charge density spills out in the
vacuum region. Therefore, the distance (h) between the graphite layer and the interlayer state
becomes smaller in the single layer than in the bulk [21]. As h is proportional to λ, eventually Tc
is greater in bulk (Tc = 11.5 K, λ = 0.68) [23, 24, 27] than monolayer (Tc = 1.4K, λ = 0.48) [10,
23, 27].
Similar phenomena appear for bulk LiC6 until the charge transfer remains incomplete
between the intercalant and graphite layer [23]. For bulk LiC6 the Tc is 0.9K as the interlayer state
is completely vacant [21, 25]. The removal of quantum confinement changes the distance h and
leads to an increase in Tc from 0.9K (λ = 0.33) [23] to 8.1K (λ = 0.61) [23], going from bulk to
single-layer LiC6.
By nature, graphene is a conducting material with conductivity about 108 (Ω cm)-1, while
graphene oxide (GO) is non-conducting and thermally unstable. However, H. P. Boehm first
proposed in 1962 that through a chemical reduction process the conductivity of GO can reach near
the conductivity of graphite [28]. Using different preparation, synthesis, and fabrication of GO,
many scientist groups attained conductivity of reduced graphene oxide (RGO) on the order of 102
– 103. RGO is a reduction of graphene oxide by different reducing agents which are responsible
for changing the ratio of C and O than the GO.
8

Dr. Sasha et al. tested the conductivity of RGO [29]. First, GO was exfoliated to single
graphene-like sheets and synthesized via chemical reduction. They measured a conductivity of
RGO of about 2 x 102 S/m, which is close to that of pristine graphite (2.5X102 S/m) [29].
Dr. Timo and his group used an electrical method to find the conductivity of RGO flakes at 20⁰ C.
First they prepared GO flakes by Hummers method [30]. They got the conductivity Tc = 6.2X102
S/m to 6.2X 103 S/m of RGO, depending on the oxygen functional groups bound to the GO flakes
[27].
Dr. Park, with his group, studied conductivity of RGO that was fabricated on polystyrene
(PS) composites by a chemical reduction method. At room temperature, with deposition of 20%
of RGO to PS, the conductivity reached 135 S/m [31].
Dr. Marcano et al. proposed an improved method (carbon nanotubes with KMnO4 and
concentrated H2SO4 / H3PO4) of synthesis of GO and examined conductivity at different
temperatures. Resulting chemical converted improved graphene oxide appeared conductive up to
400±2220 S/m at high temperature (T= 900⁰ C) [32].

1.7 How to obtain graphene
1.7.1 Methods of exfoliation
In graphite, the interlayer spacing of graphene is weakly attached by the Van der Waals
force. Therefore, mechanical exfoliation, chemical exfoliation, and liquid-phase exfoliation give
single layer graphene.
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Mechanical exfoliation of graphene flakes from graphite can be possible by exerting either
normal force or the lateral force to the graphene surface. Applied normal force can overcome the
van der Walls attraction between the layers to peel the individual graphite layers. Graphite has the
self-lubricating ability in the lateral direction [33] and because of that lateral force can also separate
the graphite layers. However, the applied force can fragment the large graphite during the
exfoliation which gives reduced lateral size of graphene.
In 2004, Geim’s group first successfully exfoliated monolayer graphene using scotch tape.
They exerted normal force to the HOPG (Highly oriented pyrolytic graphite) surface to exfoliate
graphene and then transferred single layer of graphene on 300 nm thick SiO2. They found high
carrier mobility about 3000 to 10000 cm2/Vs [1]. In this method, high-quality graphene with the
size of several microns is possibly found.
Dr. Huang et al. [34] used the previously mentioned scotch tape method to exfoliate the
graphene from HOPG. But instead of immediately transfer the graphene to the SiO2 /Si they first
cleaned the SiO2 /Si substrate ultrasonically by using acetone, 2-propanol, and deionized water
and then placed to oxygen plasma to remove ambient adsorbates from the surface. Then they
transferred the graphite loaded tape to the substrate SiO2 /Si and annealed it for 2-5 minutes at
around 1000⁰ C in the air in the conventional laboratory hot plate. After that they allowed the
sample to cool down completely to the room temperature and then they exfoliated the graphene
flacks with the size of 20 μm to up to 100 μm.
In the liquid-phase exfoliation method, mechanical energy or vibration of molecules is used
to produce graphene flakes. In this process, high-quality graphene is produced and the mobility for
single-layer graphene sheet was found to be about 95 cm-2/Vs [33]. Due to the scalability and low
10

cost, this method is used for industrial production of graphene. Graphene can be exfoliated from
sonication of graphite oxide, natural graphite, and graphite intercalation compound in solvents by
using the method of liquid-phase exfoliation method.
In the method of chemical exfoliation of graphite, intercalant agents are used between
graphene layers to get graphene sheets from graphite.

1.7.2 Chemical vapor deposition (CVD)
Chemical vapor deposition is a chemical process to deposit a solid thin film from a vapor
phase. This is an important and most promising method preparing and production of graphene for
various applications. CVD was first reported in 2008 and 2009, using Ni and Cu substrate [35].
Later graphene CVD is reported on other materials like Ru [36], Ir [37], Co [38], Pt [39], etc. This
method is especially useful for the controlled growth of graphene layers.
In this process, the substrate is fed into the reactor of gas which passes through the hot
zone. Hydrocarbon decomposes, through reaction, into carbon radicals and deposited to the metal
substrate. Therefore, a single layer or few layers of graphene are produced on the substrate.
For the CVD synthesis of graphene on Ni, polycrystalline Ni film is annealed in Ar/H2 at 9000⁰ 10000⁰ C and exposed to H2/ CH4 gas mixture. Through reaction, the hydrocarbon decomposes to
carbon radicals to dissolve with the Ni film, which forms a solid solution. Then in Ar gas, the
sample is cooled down to room temperature so that the carbon atom diffuses from the Ni-C solid
solution and precipitate on the Ni surface to form graphene films [35].
Most of the carbon source for graphene production is hydrocarbon. The deposition of
graphene on Cu surfaces is caused by the direct thermal decomposition of hydrocarbons. Carbon
11

has lower solubility in Cu i.e., only small amount of carbon dissolves in Cu even though for a high
concentration of hydrocarbon and long growth time. Such control is very difficult in the case of
graphene grown on Ni, due to the considerable solubility of C in Ni.
Hydrocarbon is catalytically decomposed on the Cu surface. Therefore, graphene layer deposits
on the Cu surface. Cu surface is fully surrounded after the first layer of deposition and there is no
catalyst exposed to hydrocarbon to promote decomposition and growth. Thus, through surface
processing, the graphene grows on Cu, which is self-limiting.
The exfoliation of graphene generates the purest form of graphene, i.e., it gives the best
quality graphene, but it suffers from low-yield. Also, the thickness, size, and locations are difficult
to control in this method. Therefore, this method is more suitable for studying graphene, especially
in the laboratory. On the other hand, CVD synthesis of graphene on Cu offers production of a large
area of graphene. However, the graphene grown in this process makes it less conductive than the
pristine graphene. Therefore, CVD grown graphene is more suitable for studying the theory.

1.8 Raman spectra of graphene
Raman spectroscopy is used in the characterization of properties of graphene [40]. When
graphene molecules are excited by the laser, a Raman spectrum is observed with two peaks at
different frequencies. These two peaks, known as the G band and 2D band, are related to the
phonon modes at the vicinity of the K-points [41]. Another peak, called the D band, is seen, which
has half the frequency of the 2D band. This D band is seen at the edge of the graphene or for the
disordered graphene [41]. The positions of the G band, 2D band and D bands are located at 1578
cm-1, 2690 cm-1, and 1350 cm-1 respectively [42, 43].
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With the increase of the interlayers in graphene, the Raman spectrum is seen to be varied
from the monolayer Raman spectrum. Although a small change is visible in the G band, however,
a remarkable splitting is experienced by the 2D band with the increase of inter layers of graphene
[42, 43]. Also, as the number of layers increases the width of the 2D band becomes wider and
shorter [40, 42]. At room temperature, the Raman spectrum for the monolayer 2D band reveals
larger intensity than the G band. In this case, the energy dispersion at the Dirac point (K and K’)
is linear. The bilayer Raman spectrum is much wider and displays a high peak in comparison to
the monolayer graphene [43]. The energy dispersion is parabolic for the bilayer graphene. For
trilayer graphene, the Raman 2D band could have up to fifteen peaks [41].

Figure 1.3: Electronic dispersion of bilayer and trilayer graphene layer [44, 45]
Graphene with more than two layers shows two different electronic dispersions [44]. If n
is the number of layers within graphene, for n > 2 one of two phenomena can occur:
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a)

When n is even, the band structure contains equal number of conduction bands and valence

bands, i.e., n parabolic conduction bands and n parabolic valence bands.
b)

When n is odd, two linear bands are observable in between n-1 parabolic conduction bands

and n-1 parabolic valence bands.

1.9 IR spectra of graphene
The optical response of graphene has been characterized by many groups. Electrons in
graphene are characterized by massless Dirac fermions near the Dirac point with velocity ≈ 106
m/s [46].
The interband and intraband optical transition influences the light absorption in graphene.
The absorption largely depends on the spectral region of interest [46]. Mak et al. [46] studied the
infrared spectroscopy of graphene and revealed that in the far infrared region the optical response
is dominated by the intraband transition. The far IR region gives conductivity with Drude-like
frequency dependence. On the other hand, in the mid IR region, the optical response arises from
the interband transition.

1.10 Objective of present thesis
In this present thesis, our objective was to characterize the material. As a first step, we have
characterized the material from Raman perspective because all the carbo-based material, Raman
is known the best technique to analyze. We also presented another approach which is the novelty
in our approach i.e., how will be the conductivity of the material. Our goal was to find out the
single layer of graphene. However, in reality, we can have multi layers. Therefore, in the second
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step, we have used Drude model to measure the conductivity of different layers of graphene from
the far-IR transmittance measurement.

15

CHAPTER 2: METHODOLOGY
2.1 Raman spectroscopy
When light interacts with a material energy can be exchanged in four different ways, as
seen in Figure 2.1.

Figure 2.1: Different processes of light interaction with material [47]

When light travels through the material most of the photons scatter with the same wavelength
as the incident photon. This is an elastic process, known as Rayleigh scattering. It is effective at
short wavelengths and is responsible for the blue color of the sky. It is dominant in any scattering
process. In contrast, a very small number of scattered photons change the wavelength while
scattering and thus also frequency. Therefore, when photons strike the molecules of the material,
some of these photons are deflected through inelastic scattering, in which the frequency of the
scattered photon differs from the frequency of the incident photon. This kind of inelastic scattering
is called Raman scattering. Raman scattering was first observed by C.V. Raman and Krishnan in
1928 [48]. Raman scattering is the basis of Raman spectroscopy. Raman spectroscopy is a
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powerful spectroscopic fingerprint technique which is used to characterize and identify a wide
range of materials through laser interaction.

2.2 Fundamentals of Raman spectroscopy
Raman spectroscopy determines the radiation scattered from a molecule. When the light
encounters the surface of the material most of the photons scatter elastically. However, only one
in every 106 photons will lose or gain energy, i.e., will scatter as Raman scatter [49]. During the
light-matter interaction, the electron cloud of the material polarizes around the nuclei to form a
quantum virtual state. This virtual state is very unstable and allows the photon to re-radiate quickly
without losing or gaining energy. When re-radiating, the scattered photon can have a higher or
lower energy from the incident photon. Thus, the wavelength, as well as the frequency of the
scattered photon, is shifted. Based on the energies, two different scattered lines can be found which
are shown in Figure 2.2.

Figure 2.2: Energy level diagram of Raman spectrum showing Stokes line and anti-Stokes line
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2.2.1 Stokes scatter
When the scattered light has less energy than the incident light, the energy difference which
is equal to the amount of vibrational transitional energy will create a phonon. The resultant spectral
lines are called Stokes spectral lines. The Stokes lines have lower frequency than the incident light.

2.2.2 Anti-Stokes scatter
When the scattered photon has more energy than the incident photon, the energy difference
will destroy a phonon. The resultant spectral lines are called anti-Stokes spectral lines. The antiStokes lines have a higher frequency than the incident light.
At standard temperature, the difference in intensity of the Stokes lines and anti-Stokes
lines depends on the initial occupation number of molecules in each state initially. In general, the
Stokes lines are more intense than the anti-Stokes lines because the molecules are more likely to
be found in the ground vibration state as described by the Boltzmann distribution. Figure 2.3
shows the intensity of the Stokes and anti-Stokes scattering compared to the Rayleigh scattering.

Figure 2.3: Intensity of Stokes line and anti-Stokes line
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In Raman spectroscopy, the interaction of the radiation with the molecule is characterized
by energy (E). The spectrum is described by the following equation:
c

(3)

𝑣ₒ = λₒ
ΔE = h𝑣ₒ =

hc
λₒ

(4)

= hcϖ

where 𝜆ₒ indicates the wavelength, 𝑣ₒ indicates the frequency and ϖ is the wavenumber of the
incident photon. From the above two equations, we can see that energy is inversely proportional
to the wavelength.

2.3 Classical approach of Raman scattering
In the Raman effect, the incident light with frequency 𝑣ₒ and wavelength 𝜆ₒ scatters from
the vibrating molecules of the materials. The displacement of the normal coordinate of those
molecules about their equilibrium position due to a specific mode may be expressed by
∆q=qₒ cos (2π𝑣t)

(5)

where 𝑣 is the frequency of the vibrational mode and qₒ is the vibrational amplitude.
When the molecule encounters the electric field E of the incident laser, the electron and the
nucleus of the molecule begin to move in the opposite direction, thus the electric field induces a
dipole moment µ’ in the molecule. This induced dipole moment depends on the factor polarizability
α according to
(6)

µ’ = α . E

where α is a characteristic of the molecule that determines the material structure and flexibility of
electrons and nuclei. It is necessary that at a particular time the electric field remains approximately
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constant over the whole molecule. For that, the wavelength of the incident light is assumed to be
much larger than the molecule.
The flexibility of electrons and nuclei depends on their mutual distance [50]. So α can be
modulated by a vibration, which eventually implies the modulation of dipole moment. α can be
expanded in Taylor series around the normal coordinate if qₒ is very small as given by the equation
𝜕α

α=α0 + (∂q )ₒ ∆q +………….

(7)

where α0 is the molecule polarizability at equilibrium position.
Adding the electric field of the incident light changes with time t
E= Eo Cos(2π𝑣ₒt)

(8)

yields
𝜕α

µ’ = (αₒ + (∂q) ₒ ∆q) E

(9)

Equating from equation (8) and (9)
𝜕α
µ’ = (αₒ + ( ) ₒ ∆q) Eₒ Cos(2π𝑣ₒt)
∂q
𝜕α

= αₒEₒ cos(2π𝑣ₒt) + (∂q) ₒ Eₒ Cos(2π𝑣ₒt) ∗ qₒ cos(2π𝑣t)

From equation (8)

1 𝜕α

= αₒEₒ cos(2π𝑣ₒt) + 2 (∂q) ₒ Eₒ qₒ [Cos{2π(𝑣ₒ − 𝑣)t} + Cos{2π(𝑣ₒ + 𝑣)t} ] (10)
where Eo is the maximum amplitude of E.
Classical illustration demonstrates many facts of Raman spectroscopy. Equation (10) is the
mathematical representation of an oscillating dipole that radiates photons at three different
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frequencies. The first term with 𝑣ₒ represents Rayleigh scattering, which is the elastic scattering
with no change in frequency. The second term with (𝑣ₒ − 𝑣) and third term with (𝑣ₒ + 𝑣)
represent Stokes scattering with higher frequency and anti-Stokes scattering with a lower
frequency than the excitation frequency, respectively.
𝜕α

Equation (10) also shows that no vibrational Raman effect occurs when ( ∂q)o =0. This
implies that Raman scattering occurs when the polarizability changes during the vibration. This is
called a Raman active mode and is the basis of the selection rule for Raman scattering.
The normal Raman scattering intensity is proportional to the fourth power of the excitation
frequency (𝑣ₒ ± 𝑣) [51] and is given by the following equation
I=

64π²
3C²

Iₒ(vₒ ± v)4N(ȃ²)

(11)

where N is the number of molecules in the sample and ȃ²are the square of the polarizability
transition moments. The theoretical value of Raman scattering intensity depends on the power and
wavelength of the laser, and on the composition and specific vibration modes of the molecules in
the sample [52]. Experimentally, the Raman scattering intensity also depends on the detector and
optics efficiency [50].

2.4 Raman spectroscopy instrumentation
In our experiment, alpha 300R WITec confocal Raman system was used. The system is
shown in Figure 2.4. The main components of Raman scattering experiments are excitation source
(laser), optical components, sample holder, filter, CCD detector, and computer.
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Usually, a laser is used to produce a continuous monochromatic, coherent, intense and
diverging-beam of radiation as an excitation source, which can range from UV to near IR
wavelength [53]. As the Raman intensity is inversely proportional to the forth power of the
wavelength of the exciting light [51], clearly the ultraviolet source produces the most intense
Raman spectra. In alpha 300R WITec Raman system 532 nm Nd:YAG (Neodymium doped
Yttrium Aluminium Garnet) laser is used as an excitation source. The laser is generated with the
help of a laser generating system and is directed to the confocal microscope through an optical
fiber.
Confocal microscopy is an optical imaging technique which allows getting better resolution
and better contrast. It has two pinhole apertures. One allows to direct the light at a very fine point
on the sample. Therefore, it luminates very tiny part of the sample by the excitation laser. The
other pinhole aperture allows the light to reflect back at a very narrow region as well. Therefore,
when the incident radiation from the excitation laser hits the sample the scattering happens. This
is what the Raman spectroscopy does on the process of scattering. Therefore, it scatters. However,
the other pinhole only allows to pass the light from a small region and rejects the rest, which does
not come from the particular point we are looking for. Figure 2.4 shows the schematic picture of a
confocal Raman microscopy.
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Figure 2.4: Confocal Raman microscopy
As Raman scattering is a weak process, it is necessary to filter the excitation wavelength
photons to reject the unwanted frequencies. Generally, a filter restricts the Rayleigh scattering
entering the system. The system was operated in the reflection mode with a filter.

Figure 2.5: Alpha 300R WITec confocal Raman system
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The sample was set in the sample holder of the microscope. The system is unaffected by
any water, air or glass sample holder. The data were collected at room temperature.
The optical components consist of different objective lenses to deliver laser light to the
microscope and an optical fiber to deliver spectra to the spectrometer. The microscope is used for
focusing and approaching towards the sample securely to collect data.

2.5 Fourier Transform Infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR), a characterization technique, was first
used by Perkin-Elmer in 1957 [54]. This technique is used to identify the molecular structure of
organic and inorganic materials.
When infrared radiation passes through a sample, besides scattering which is the main
constituent of Raman processing, the radiation could instead be either absorbed by the sample or
transmitted through the sample. The FTIR technique determines the infrared absorption spectrum,
which describes the amount of incident radiation absorbed by the sample at each particular energy.
When the IR radiation hits the sample, some of the radiation of a specific wavelength is absorbed
by the sample, thus changing the vibrational energy level of the sample molecule. At each
particular energy, the absorption peak corresponds to the frequency of vibration of the sample.
Therefore, infrared spectroscopy is a study of atomic vibration in a molecule.
The dipole moment is the vector sum of the bond dipoles [55]. The stronger the bond
dipoles, the more photons from the radiations will be absorbed by the sample. This absorption
occurs when the energy of the incident photon coincides with the energy of the vibrational level
of the molecule. In our experiment, a Bruker IFS 66v system was used to perform the Fourier
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transform infrared spectroscopy (FTIR). The core of the instrument is a Michelson interferometer
that is controlled using a HeNe laser. The system also provides a wide IR spectral range as a source,
a sample compartment, and other necessary optics arrangements. Figure 2.6 shows the Bruker IFS
66v FTIR system.

Figure 2.6: Bruker IFS 66v vacuum based Fourier Transform Infrared Spectroscopy

The Michelson interferometer was invented by Albert Abraham Michelson in 1887 [56].
The main parts of this instrument are a detector, two mirrors (one is fixed and another is movable)
and a beam splitter, as shown schematically in Figure 2.7. The source of the interferometer
generates the radiation that travels to the beam splitter. The beam splitter is placed at an angle of
450. The beam splitter then splits the incident beam into two beams of equal intensity, i.e., 50% of
the incident radiation will be reflected towards the stationary mirror and the remaining 50% will
be transmitted towards the movable mirror so that the paths of the two beams become different.
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The distance between the beam splitter and the fixed mirror is L. Therefore, the reflected beam
travels a distance L, called the physical distance.

Figure 2.7: Michelson interferometer

If the beam splitter is at the same distance from both of the mirrors, i.e., at physical distance
L, the system is said to have a zero path difference (ZPD) configuration. However, if one of the
mirrors is moved back and forth the distance from L to L+ δx, the light which hits the movable
mirror will differ from the distance of the light which strikes the fixed mirror. Afterward, the two
beams are reflected back to the beam splitter by traveling the distance of 2L (called the optical
path) and 2(L+δx) from the fixed mirror and movable mirror, respectively. These two reflected
beams recombine into a single beam to form a signal, by traveling the difference of 2δx, which is
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known as the optical path difference or retardation. The signal that hits the detector called an
interferogram, is then converted into an electrical signal from which spectral output is produced.
The combining of two beams produces two possibilities of interference, namely
constructive or destructive interference. The interference pattern depends on the optical path and
the wavelength of the source. The relationships of the destructive and constructive interference are
the following:
Destructive interference:

2δx = 0.5 n 𝜆 ;

n= 1, 3, 5, 7, ……

(12)

Constructive interference:

2δx = n 𝜆;

n= 1, 2, 3, 4,.……

(13)

The FTIR system only uses constructive interference. Constructive interference gives the
maximum intensity at ZPD.
An interferogram carries information about every infrared frequency that comes from the
source. If the source is monochromatic, the interferogram will be a cosine vibration, which results
in a single peak after the Fourier transform. A broadband source with a continuous spectrum
produces interferogram with a distribution of many peaks. The final spectrum is a sum of all cosine
waves that come from individual frequencies of the light source. That is why in our experiment, a
broad spectral range is set within the interferometer to get a set of data points with different
wavelengths. The FTIR requires the analysis of individual frequencies because the interferogram
does not give the required spectral information directly. To fulfill this purpose, FTIR operates
Fourier transform. Thus, application of Fourier transform of the data points determines the amount
of absorbed spectrum by the sample.
The mathematical expression for Fourier transform is
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∞

𝐹(𝜔) = ∫−∞ 𝑒 𝑖𝜔𝑥 𝑓(𝑥) 𝑑𝑥

(14)

and for reverse Fourier transform:
∞

𝐹(𝑥) = 1/2𝜋 ∫−∞ 𝑒 −𝑖𝜔𝑥 𝑓(𝜔) 𝑑𝜔

(15)

where F(ω) and F(x) are called spectrum and interferogram, respectively, ω is the angular
frequency and x is the optical path difference.
The spectrum F(ω) can be obtained experimentally if the system is set up to perform the
Fourier transformation as a function of time. In this case, the system records the intensity of
radiation as a function of time. The Fourier transform becomes a function of ω = 2π𝑣 of the infrared
source. The precision of this measurement depends on the continuity of the data collection.
The measurement of the interferogram F(x) is based on the principle of Michelson
interferometer. The system is set to perform Fourier transformation as a function of distance (x) of
a mobile mirror in the interferometer. In this case, a set of data points is collected by measuring
the different positions of the movable mirror in the interferometer. In this way, the intensity of
radiation becomes a function of distance rather than of time. The Fourier transform then becomes
a function of x=

2π
λ

.

The infrared absorption/transmission spectrum is found in the range of wavenumbers from
12500 cm-1 to 5 cm-1, can be classified into three different regions:
Near infrared (NIR): 12500 cm-1 to 4000 cm-1
Mid infrared (MIR):

4000 cm-1 to 400 cm-1
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Far infrared (FIR):

400 cm-1 to 5 cm-1.

Different ranges of infrared regions possess different energies.
In our experiment, we used two different beam splitters. These were silicon carbide rod,
namely a Globar lamp, which operates in the range of 20 cm-1 to 1000 cm-1 wavenumbers and a
Ge-coated mylar beam splitter with a range of 20 cm-1 to 700 cm-1 wavenumbers. Additionally, a
deuterated L-alanine-doped triglycine sulfate, DLATGS, detector operated at the room
temperature was used.

2.6 Experimental setup
Figure 2.8 represents the optical path of the vacuum based Bruker IFS 66v. The main parts
of this system include an interferometer, a broad band source, a detector and a sample holder.

Figure 2.8: Optical path of Bruker IFS 66v (courtesy of Bruker Inc.)
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The optical path shows that the source emits the IR radiation through the aperture changer
to reach the beam splitter of the interferometer. The beam splitter divides the radiation into two
parts and again recombines them to pass the signal to the surface of the sample. The sample is
placed in the sample holder. When the signal hits the sample, a fraction of the intensity of the beam
is absorbed by the sample. The rest of the beam intensity is transmitted and a very small amount
of it is reflected by the sample. Finally, the transmitted beam reaches the IR detector, which then
sends a signal to the computer for data analysis. The reflected part of the beam is because of its
small amount.
The IR absorption process is based on the following relation, known as the Lambert – Beer
law:
IT(𝑣) = Io(𝑣) e-βd

(16)

Here, d is the thickness of the sample, IT and Io are the intensity of the transmitted and incident
beam, and β is called the absorption coefficient. The quantity IT(𝑣)/ Io(𝑣) is called the
transmittance, which is calculated automatically in the computer.
To get more accurate data, the system needs to be calibrated. For calibration, the radiation
can pass through the detector without a sample. This also gives a spectrum of the large-range
source in a particular energy. This is called the ‘background’ collection (Io). This position of the
interferometer gives the zero-path difference (ZPD). Each of the mirrors is set in this particular
position such that the light reaching the detector travels an equal distance every time. The
‘background’ data work like a reference for all the other data that are collected with the sample.
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IT is recorded with the sample. The system is connected to the computer, which can perform Fourier
transform. Therefore, the collected data are sent to the computer to perform FFT, this analysis
results in a power spectrum.
The system is vacuum based. Therefore, the system must be evacuated and air vented to
the system. For every measurement 256 scans were taken.

2.7 Comparison between Raman spectroscopy and FTIR spectroscopy
Both Raman and FTIR techniques measure the vibrational energy of the molecule to
identify the molecular composition of unknown materials. Different molecules react in different
ways. These two instruments complement each other. There are some fundamental differences
between Raman and FTIR spectroscopies, which are discussed below.
The most significant difference between these two systems is found in the molecular
transition. Raman spectroscopy undergoes changes in the polarizability of the molecule due to the
interaction between electron and nucleus. The IR active transitions occur, in contrast, when the
dipole moment of the molecule changes. For instance, a symmetric diatomic molecule gives the
spectrum for a vibrational motion to be Raman active, as its dipole moment remains constant. On
the other hand, a highly symmetric polyatomic molecule is Raman inactive and IR active. In short,
FT-IR and Raman :: provide information about the chemical nature and the dynamical
properties of the bonding between atoms
Raman :: symmetric molecular structure and undergo a large change in electron
polarizability during vibration
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Infrared :: asymmetric molecular structure and undergo a large change in electric dipole
during molecular vibration
Fluorescence does not interfere with the FTIR spectrum. However, Raman spectra give
possible fluorescence and photoluminescence as this technique uses visible, near infrared or near
ultraviolet light.
FTIR spectroscopy is a strong mid-IR absorber, whereas it is weak Raman scattered.
Therefore, water can be used as a solvent for sample material when collecting Raman spectra.

2.8 Sample preparation
A mechanical exfoliation method was used to getting graphene consisting just a few layers
or of a greater number of layers as reported in the literature [1, 57]. Multi-layer graphene was
exfoliated several times with Scotch tape from the highly oriented pyrolytic graphite (HOPG)
crystal. After that, the graphene flakes were transported to the Si substrate. We have used a
modified mechanical exfoliation to get a few-layers or a single- layer of graphene. This method is
quietly like the method reported by Dr. Huang et al. [49]. In our case, after located the graphite on
the Scotch tape we annealed it with water vapor for 3-5 minutes. After that we let it cool down to
room temperature naturally and then removed. In this way, we successfully increased the force
and contact area between the Si and graphite, which eventually improved the quality of graphene
flakes. This vapor-assisted exfoliation method gave effective production of a few-layer as well as
single-layer of graphene on the Si substrate.
Huang et al. [57] used a hot plate for 2-5 minutes at ~1000 C to directly anneal the graphiteloaded tape on Si/ SiO2 substrate. Following this procedure resulted in an additional impurity on
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the substrate from the tape glue. We could get rid of this unwanted residue by using vapor-assisted
exfoliation method.

2.9 Drude theoretical approach
If Tc (ω) be the transmission through a thin conductive film deposited on a substrate and
Ts (ω) be the transmission through the substrate alone then the ratio of transmission of radiation of
angular frequency ω is given by [57,58], when the multiple reflections are neglected,
T (ω)

𝑇 (𝜔) = Tc (ω) = 1/|1 +

𝜎(𝜔)𝑍0 𝑑

s

𝑛𝑠 +1

|

(17)

where, σ (ω) indicates the conductivity, Z0 = 377 Ω indicates the vacuum permittivity, d is the
thickness of the thin film, and ns (= 3.4 for Si) is the index of refraction of the substrate.
In our case, the thickness of the sample was ~1 μm for HOPG, 9.4 nm for multi-layer graphene,
and 1.7 nm for the sample containing a mixture of monolayer and few-layer graphene [59].
Classically, in the presence of scattering the conductivity from the Drude free electron
model is given by [60, 61]
𝜎(𝜔) =

𝜎0

where the Drude dc conductivity is 𝜎0 =
m* is the effective mass, and

(18)

1+𝑖𝜔𝜏

𝑛𝑒 2 𝜏
𝑚∗

, n is the electron density, e is the electron charge,

is the mean free time between collisions of the carriers with the

lattice ions. Inserting (18) in (17) followed by mathematical manipulations that were explained
elsewhere [62], gives:
𝑇 (𝜔)
1−𝑇(𝜔)

= 𝑎 + 𝑏 𝜔2

The a and b fitted parameters provide:
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(19)

𝑏

(20a)

𝜏 = √𝑎
𝜎0 =

𝑛=

𝑛𝑠 +1
𝑍0 𝑑

𝑚∗ (𝑛𝑠 +1)
𝑍0 𝐷𝑒 2

1

(√1 + 𝑎 − 1)
1

𝑎

(√1 + 𝑎 − 1) √𝑏

(20b)

(20c)

Graphene behaves as a massless Dirac fermions [63] which require a quantum approach.
However, our samples, i.e., from graphite to few-layers of graphene, were all with measurable
thickness. Therefore, we considered a classical approach for the Drude model for theoretical
investigation of the samples.
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CHAPTER 3: RESULTS AND DISCUSSION
3.1 Data analysis
Data were taken into two steps. First, the Raman spectra gave the information about the
number of layers. After that, the IR transmittance measurements were for the transmittance
measurement. Finally, material’s characteristics were determined by the Drude model employment
in the far-infrared (IR) measurements.
After recording the spectrum each time, for both Raman spectra and IF spectra, the next
stage is to analyze and interpret the data. Raman spectroscopy provides molecular fingerprint of
every material. The absorption peak for IR measurements for each atom in a molecule is unique,
which corresponds to the frequency of vibration.

3.1.1 Raman data analysis
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Figure 3.1 (a) – (e): Raman spectra of single-layer, few-layer, multi-layer graphene and bulk
HOPG at different spots of the samples [59]
Figure 3.1 (a) - (e) show the Raman spectra recorded at the different spots on the samples
revealing the behavior of G and 2D bands for single-layer, a few-layers, and multi-layers of
graphene. Each sample reveals intrinsic inhomogeneity depending on the number of graphene
layers they contain. Firstly, for comparison, we incorporate the spectrum of the standard graphite
sample i.e., bulk highly oriented pyrolytic graphite (HOPG) in Figure 3.1 (a). Figure 3.1 (a) shows
the Raman spectrum of HOPG with 2D1 band at about 2680 cm-1 and 2D1 band at about 2720 cm1

where Figure 3.1(e) shows the Raman spectrum of one-layer graphene with the single peak at

2075 cm-1 with a full width at half maximum (FWHM) at around 28 cm-1. The intensity ratio of G
(at 1582 cm-1) to 2D Peaks is determined and an expected decrease of the value of IG / I2D with the
decrease of the number of graphene layers is observed, which is a good match with the literature
value [41]. Our tentative assignments for the number of layers in Figure 3.1 (b)- (e) have been
based on this intensity ratio of IG / I2D. From Figure 3.1(b) – 1(e), the ratio of IG / I2D for a single
layer to multi-layer graphene varies from 0.28 to more than 1.4. An increase in the broadness of
the 2D (i.e., G’) band appears as the number of layers goes up. An evaluation in the shape of 2D
(i.e., G’) band of this feature is also remarkable, which is observed with the increasing number of
the graphene layers. According to Malard et al. [41] the phonon dispersion of graphene is
responsible for the phenomenon of the evolution of the shape.
In graphene, second-order-Raman scattering is known to be responsible for originating the
2D band. However, in multi-layer graphene, the shape of 2D band evolves with the increment of
number of graphene layers. The evolution is caused by the number of Raman peaks and transitions
allowed by the resonance process involving the optical phonons near the Dirac point, which also
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results in a splitting of 2D1 and 2D2 bands. The notable intensity of 2D band for the single-layer
graphene with respect to G band is because of the triple resonance process. No evolution in the
shape and broadness in the G band at 1582 cm-1 is seen because of the association with the doubly
degenerate phonon mode of E2g symmetry at the Brillouin zone center Γ zone.
The change of intensity between the G and 2D bands can be directly visualized by using
the confocal Raman images, which are presented below.

Figure 3.2 (A) – (I): Confocal Raman images representing the G band locations (A, D, G) and
2D band locations (B, E, H). Yellow pseudo-color represents higher intensity. Images (C), (F)
and (I) shows the combined effect using the Cluster Analysis Software [59]
Figure 3.2 (A) – (I) show the Confocal Raman images of the intensity of G and 2D bands.
Based on the aforementioned features, the images were produced by filtering the selected locations
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of the samples. Higher intensity of the selected band is represented by bright yellow color. In the
images A, D and G bright yellow i.e., the high intensity regions represent the G band locations and
correspondingly low intensity regions represent 2D band locations. On the other hand, in the
images B, E and H visibility of high intensity regions are the representation of 2D band locations
and correspondingly low intensity regions are the representative of G band locations.
Cluster Analysis Software was used for the further analysis to show the combine effect of
the mixture of a single-layer and few-layers of graphene and the corresponding images are shown
in figure 3.2 (C), (F), and (I). In these images, the single-layer regions are referred to as pseudocolored red along with arrow mark and the high intensity regions associated with the 2D band is
observed. Therefore, confocal Raman mapping overcomes the problem of detection of the single
layer regions due to the transparency of the graphene and facilitates better and capable of giving
more exact detection of a layer. The other ways to overcome this problem is described in the
literature [34, 41, 64] which is done by using Si substrates covered with SiO2 thin film insulator.
Figure 3.2 (C), (F), and (I) also presents the bilayers and trilayers of graphene which are soft purple
pseudo-color and few-layer graphene with blue pseudo-color.
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Figure 3.3: (a) Confocal Raman image of G band indicates the signature of folding; and (b)
associated Raman spectrum of image [59]
Additionally, the effect of rolling up or the potential curling of a single-layer graphene
layer like whiskers or microtube- like structure could happen too, which is shown in Figure 3.3 (a)
confocal images. Since, in this case, no remarkable difference between the Raman images of the
G and 2D bands was observed, just the former is shown. In this figure, the arrow indicates the
presence of an uncurled single graphene layer. Figure 3.3 (b), which shows the associate Raman
spectrum of confocal Raman images of figure 3.3 (a), indicates the effect of curl of a graphene
layer on the phonon modes. This figure clearly shows the new Raman vibrations at ~1100 cm-1
(LA mode), 1345 cm-1 (D band), 1505 cm-1 (R band), 1862 cm-1 (2oTO), 1985 cm-1 (iTO + LA
near Γ), 2452 cm-1 (LA + iTO near K), and 3240 cm-1 (2D’) in the enhanced spectrum [59]. The
activation of D band can occur for several reasons. D band can be activated due to the present of
defect in the structure of graphene, which is due to the breathing modes of six-atom rings and
comes from the TO phonons around the Brillouin zone center K. Again, intervalley process, i.e.,
double resonance, is another reason for the activation as in this process two points belonging to
the same cone are connected (i.e., K or K’) [59]. The small R peak, which clearly indicates the curl
of a graphene layer, initiates in the superlattice from the twist-induced wave vector [65, 66]. Our
data suggests a medium to relatively large angle of rotation, i.e., approximately 120 < θ < 200 than
that of reported by Dr. Cong and Dr. Yu [66].
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3.1.2 FTIR data analysis
There is always an argument between the experimental value of conductivity and the
theoretical prediction. These differences can arise from multiple reasons like, varies from sample
to sample, number of layers, lateral dimensions, surface coverages, and techniques of fabrications.
In our investigation, the samples are inhomogeneous, the study of conductivity and
comparison with previously reported data would be of interest. Therefore, we consider three
representative samples: bulk highly oriented pyrolytic graphite (HOPG), multi-layer graphene and
single-layer to few-layer graphene. All the graphs shown below presents the ration of transmission
through the conductive thin film to the transmission through the Si substrate.

Figure 3.4: Experimental transmission measurements [59]
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Figure 3.4 (a) shows for a single-layer of graphene the absorption is about 2.3% (about
97.7% transmission) which makes a good match with the predicted value presented in the literature
[47]. At low frequencies, the absorption rate increases to about 8%. The absorption for the multilayer graphene ranges from about 9% to 12%. The HOPG sample reveals the strongest absorption
among the three samples. This sample’s absorption varies from 70% at the wavelength below 250
cm-1 to 65 % for greater wavelength.
Figure 3.4 (b) - (d) show the ratio of transmittance, T (ω) as a function of inverse of the
square of wavelength, 1/ λ2. From these graphs, the intercept (a) and slope (b) is calculated to
determine the material characteristics like conductivity, resistivity, time constant and number of
carriers. The deviations from linear fits seen in the graph are due to detector cutoff limit and
characteristic Drude falloff limit at lower wavenumber (<30 cm-1) and high frequencies
respectively. We also need to take suitable linear fit range for each sample because of the variation
in the thickness of the sample i.e. the number of layers.
Rademeyer et al. reported the range of resistivity for graphite was 3-60X10-5 Ω m [67].
Using the Drude model the calculate resistivity for HOPG was 11x10-3 Ω cm which is in a good
agreement with previously reported data. The conductivity for this sample was 92 (Ω cm)-1. With
the reduction of dimension, i.e., for the multi-layer graphene sample and the single to few-layers
graphene, the conductivity increases to 407 (Ω cm)-1 and 2138 (Ω cm)-1 respectively. The result
for the conductivity of the multi-layer graphene is comparable to the value reported in the literature
[68]. The resistivity of the multi-layer graphene sample and the single to few layer graphene
sample were 2.5 X 10-3 Ω cm and 0.47 X 10-3 Ω cm.
The number of carriers increases with the reduction of dimensionality. The derived values
for HOPG were 3.58 X 1018 cm-3, for multi-layer graphene was 14.9 X 1018 cm-3 and for a single41

layer to few-layers of graphene was 46.3 X 1018 cm-3. The time constant i.e., the inverse of the
average time between two carrier-core collisions, were 7.4 X 10-14 seconds, 7.9 X 10-14 seconds,
and 13.4 X 10-14 seconds for HOPG, multi-layer graphene and single layer to several layers of
graphene. These results indicate that the intralayer conductivity is the dominant process.

3.2 Conclusion
In this study, we present a comprehensive investigation of graphene’s optical and
conductivity properties by using confocal Raman and Drude model. Comparative analysis of
experimental findings and theoretical predictions of material’s changes and improvements as it
transitioned for 3D graphite to 2D graphene is presented. Raman spectral recording reveals the
existence of a single-layer, a few-layers, or multi-layers of graphene. Along with that, the confocal
Raman mapping allows for the distinction of such domains and direct visualization of the
material’s inhomogeneity. Moreover, the conductivity derived from Drude model for the far-IR
transmittance measurements varies with the dimensionality reduction from 92 (Ω cm)-1 for an
HOPG sample to 2138 (Ω cm)-1 for a sample with single-layer to several layers of graphene. Other
important material characteristics, including carrier concentration that increase from 3.58 X 1018
/cm3 for HOPG, to 14.9 X 1018 /cm3 for multi-layer graphene, to 46.3 X 1018 /cm3 for a sample
with a single-layers to several layers of graphene, time constant with values ranging from 7.4 X
10-14, to 7.9 X 10-14, and to 13.4 X 10-14 seconds from graphite samples to graphene samples
respectively are also determined from these measurements. Also, the resistivity reveals expected
decrement of values from HOPG samples to single-layer graphene as the values varies for HOPG
sample is 11 X 10-3 (Ω m), to 2.5 X 10-3 (Ω m) for the multi-layer graphene sample, to 0.47 X 103

(Ω m) for the single-layer to several layers of graphene sample. This information demonstrates

42

that the intralayer transport is the dominant process. This contributes to the material’s conductivity.
These results are valuable for the development of bio-medical sensors.

43

REFERENCES
1.

Geim A., Novoselov K. Nature Materials, 2007, 6, 183-91

2.

P. R. Wallace. Phys. Rev., 1947, 71(9), 622-634

3.

Novoselov K. et al. Science, 2004, 306(5296), 666-669

4.

A. Fasolino et al. Nature Materials, 2007, 6(11), 858-861

5.

http://www.graphenea.com/

6.

Introduction to the Physical Properties of Graphene by Jean-Noel Fuchs and Mark Oliver

Goerbig, Lecture Notes 2008
7.

http://sces.phys.utk.edu/~dagotto/condensed/HW1_2010/Qinlong_graphene.pdf

8.

Alberto Bianco et al. Carbon, 2013, 65, 1-6

9.

Lee C. et al. Science, 2008, 321(5887), 572-582

10.

Balandin, Alexander A., Suchismita Ghosh, Wendzhong Bao, Irene Calizo, Desalegne

Teweldebrhan, Feng Miao, and Chun Ning Lau. Nano letters 8, 2008, 3, 902-354
11.

R. R. Nair et al. Science, 2008, 320(5881), 1308

12.

Q. Bao, K.P. Loh. ACS Nano, 2012, 6(5), 3677-3694

13.

Y. Hadad, A.R. Davoyan, N. Engheta, B.Z. Steinberg. ACS Photonics 1, 2014, 1(10),

1068-1073

44

14.

Y. Wang, Y.M. Li, L.H. Tang, J. Lu, J.H. Li. Electrochem. Communication, 2009, 11, 889-

892
15.

V Singh, D. Joung, L. Zhai, S. Das, S.I. Khondaker, S.Seal. Progress in Materials Science,

2011, 56, 1178-1271
16.

Xinran Wang and Yi Shi, CHAPTER 1: Fabrication Techniques of Graphene

Nanostructures, in Nanofabrication and its Application in Renewable Energy, 2014, p. 1-30
17.

K.I. Bolotin, K.J. Sikes, Z. Jiang, M. Klima, H.L. Stormer. Solid State Communications,

2008, 146, 351–355
18.

J. S. Kim, R. K. Kremer, L. Boeri, and F. S. Razavi. Phys. Rev. Lett. 96, 2006, 217002

19.

I.A. Ovid’ko: Rev.Adv. Mater. Sci., 2013, 34, 1-11

20.

C. Casiraghi et al. Nano Letters, 2007, 7(9), 2711-2717

21.

Gianni Profeta, Matteo Calandra, and Francesco Mauri. Nature Physics, 2012, 8, 131-134

22.

I. Mazin. Phys. Rev. Lett., 2005, 95, 227001

23.

M. Calandra, G. Profeta, F. Mauri. Physica Status Solidi B., 2012, 249, 2544-2548

24.

B. M. Ludbrook et al. PNAS, 2015, 112(38), 11795–11799

25.

G. Csanyi, P.B. Littlewood, A.H. Nevidomskyy, C. J. Pickard, B.D. Simons. Nature Phys.,

2005, 1, 39-41

45

26.

J.S. Kim, L. Boeri, J. R. O’Brien, F. S. Razavi, and R. K. Kremer. Physical Review Letters.,

2007, 99, 027001
27.

T. Schwamb, B. R. Burg, N. C. Schirmer and D. Poulikakos. Nanotechnology, 2009, 20,

405704
28.

Bourlinos et al. Langmuir 2003, 19(7), 6050 -6055

29.

Sasha Stankovich, et al. Carbon, 2007, 45, 1558–1565

30.

Hummers W, Offeman R. J. Am. Chem. Soc., 1958, 80(6), 1339

31.

W. Park, Wonjun Park, Jiuning Hu, Luis A. Jauregui, Xiulin Ruan and Yong P. Chen.

Appl. Phys. Lett., 2014, 104, 113101
32.

Daniela C. Marcano, et al. ACS Nano, 2010, 4, (8), 2010, 4806-4814

33.

Artur Ciesielski and Paolo Samori. Chem. Soc. Rev., 2014, 43, 381-398

34.

Yuan Huang, Eli Sutter, Norman N. Shi, Jiabao Zheng, Tianzhong Yang, Dirk Englund,

Hong-Jun Gao, and Peter Sutter. ACS Nano, 2015, 9(11), 10612-10620
35.

Yi Zhang et al. 2013, 46, 2329-2339

36.

P.W. Sutter, J.I. Flege, J. I.; E.A. Sutter. Nat. Mater. 2008, 7, 406

37.

J. Coraux, A. T. N'Diaye, C. Busse, T. Michely. Nano Lett. 2008, 8, 565

38.

J. C. Hamilton, J. M. Blakely. Surf. Sci., 1980, 91, 199

39.

Z. P. Hu, D. F. Ogletree, M. A. Vanhove, G. A. Somorjai. Surf. Sci. 1987, 180, 433
46

40.

Thesis by Irene Gonzales Calizo. Raman Nanotechnology of Graphene, 2009

41.

L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus. 2009,473, Issue 5-6, 51–

87
42.

Isaac Childres, Luis A. Jauregui, Wonjun park, Helin Cao, and Yong P. Chen, Raman

Spectroscopy of Graphene and Related Materials
(https://www.physics.purdue.edu/quantum/files/Raman_Spectroscopy_of_Graphene_NOVA_Ch
ildres.pdf)
43.

A.C. Ferrari, J.C. Meyer, et al. Physical Review Letters, 2006, 97, 187401

44.

Thesis by Awnish K. Gupta. Raman scattering from n- Graphene layers (nGLs; n= 1, 2

3…..), 2009
45.

Sylvain Latil and Luc Henrard. Physical Review Letters, 2006, 97, 036803

46.

Kin Fai Mak, Long JU, Feng Wang, Tony F. Heinz. 2012, 152, 1341-1349

47.

http://www.st-andrews.ac.uk/seeinglife/science/research/Raman/Raman.html

48.

http://www.nobelprize.org/nobel_prizes/physics/laureates/1930/raman-facts.html

49.

D. Harris and M. Bertolucci, Symmetry and Spectroscopy: An introduction to vibrational

and electronic spectroscopy (Dover Publications, 1989) p. 94
50.

Thesis by Khozima Mahmoud Hamasha. Raman Spectroscopy for the Microbiological

Characterization And Identification Of Medically Relevant Bacteria, 2011

47

51.

L.A. Woodward, Raman Spectroscopy: Theory and Practice, edited by H.A. Szymanski

(Plenum Press, New York), 1967
52.

M.J. Pelletier, Introduction to Applied Raman Spectroscopy, Blackwell Science LTD,

Oxford, 1999, p. 1-52
53.

Modern Techniques of Raman Spectroscopy by R. D. Freemen

54.

https://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy

55.

http://www.chem.ucla.edu/harding/ec_tutorials/tutorial31.pdf

56.

https://en.wikipedia.org/wiki/Michelson_interferometer

57.

R.E. Glover III, M.Tinkham. Phys. Rev. Lett., 1957, 108, 243-256

58.

H.L. Liu et al. Annal. Phys., 2006, 15 (7-8), 606-618

59.

Chao Qiu, Kevin E. Bennet, Tamanna Khan, John D. Ciubuc, Felicia S. Manciu. Materials,

2016, 9(11), 897–908
60.

J. Zhu et al., Environ. Sci. Technol. 2012, 46, 977-985 [CrossRef] [PubMed]

61.

F. Cataldo, O. Ursini, G. Angelini, S. Igleisas-Groth; Fuller. Nanotube. Carbon

Nanostruct., 2011, 19, 713-725
62.

F.S. Manciu et al.; Mater. Sci., 2014, 49, 5782-5789 [CrossRef] [PubMed]

63.

J. Horng, C.F. Chen, B. Geng, C. Girit, Y. Zhang, Z. Hao, H. A. Bechtel, M. Martin, A.

Zattl, M.F. Crommie et al. Phys. Rev. B, 2011, 83, 16511
48

64.

Leonardo Vicarelli, Stephanie J. Heerema, Cees Dekker, and Henny W. Zandbergen. ACS

Nano, 2015, 9 (4), 3428–3435
65.

Cong C., Ting, Y. Nat. Commun, 2014, 5,4709

66.

Cong C., Ting, Y. Phys. Rev. B, 2014, 89, 235430 [CrossRef]

67.

C.J. Rademeyer, H.C.G. Human, P.K. Faure, Spectrochimica Acta Part B: Atomic

Spectroscopy, 1983, 38, Issues 5–6, 945-948
68.

H. Chen, M.B.Muller, K.L. Cilmore, G.G. Wallace, D. Li. Advanced Materials, 2008, 20,

3557–3561

49

CURRICULUM VITA
Tamanna Tasneem Khan was born in Bangladesh in 1990 as the youngest daughter of Khan
Mohammad Wadud and Hosne Ara Khan. She earned her B. Sc. Degree in Physics from University
of Dhaka, Bangladesh in 2013. She joined the University of Texas at El Paso (UTEP) in 2015 as
a Master’s student in the Physics Department. During her Master’s studies, she worked as a
teaching assistant and a research assistant at UTEP in Physics Department. Since fall 2015
Tamanna has worked in the field of characterizing the materials like, graphene in the Optical
Spectroscopy and Microscopy Laboratory with Prof. Felicia S. Manciu. During her Master’s study,
she coauthored ‘Raman and Conductivity Analysis of Graphene for Biomedical Applications’
published in Journals of Materials in November 2016.

50

